Whole metabolizing Brevibacterium linens cells were used to study the transport of aromatic amino acids. Kinetic results followed the Michaelis-Menten equation with apparent Km values for phenylalanine, tyrosine, and tryptophan of 24, 3.5, and 1.8 ,M. Transport of these amino acids was optimum at pH 7.5 and 250C for phenylalanine and pH 8.0 and 35°C for tyrosine and tryptophan. Crossed inhibitions were all noncompetitive. The only marked stereospecificity was for the L form of phenylalanine. Transport was almost totally inhibited by carbonyl cyanide-m-chlorophenylhydrazone. Iodoacetate and N-ethylmaleimide were much more inhibitory for tryptophan transport than for transport of the other two aromatic amino acids.
Whole metabolizing Brevibacterium linens cells were used to study the transport of aromatic amino acids. Kinetic results followed the Michaelis-Menten equation with apparent Km values for phenylalanine, tyrosine, and tryptophan of 24, 3.5, and 1.8 ,M. Transport of these amino acids was optimum at pH 7.5 and 250C for phenylalanine and pH 8.0 and 35°C for tyrosine and tryptophan. Crossed inhibitions were all noncompetitive. The only marked stereospecificity was for the L form of phenylalanine. Transport was almost totally inhibited by carbonyl cyanide-m-chlorophenylhydrazone. Iodoacetate and N-ethylmaleimide were much more inhibitory for tryptophan transport than for transport of the other two aromatic amino acids.
Many aromatic amino acid transport systems have been characterized in gram-negative bacteria. Salmonella typhimurium (2) and Escherichia coli K-12 (7) have four transport systems for these amino acids. One is common for the three, and there is one specific system for each. Yersinia pestis (27) has a general system which is fairly specific for tyrosine, a specific system for tryptophan, and a third relatively specific system for phenylalanine but which also transports tryptophan and tyrosine. Most workers in this field have extended their findings by isolating and studying mutants deficient in one of the transport systems (17, 20, 29) . In some cases, the genes responsible for permease synthesis have been localized on the chromosome map. Ames and Roth (3) mapped the loci of histidine permease and the aromatic permease in S. typhimurium.
These systems have been studied to a lesser extent in gram-positive bacteria. Arthrobacter pyridinolis has two systems for phenylalanine transport (19) , and Bacillus subtilis has a common system for the transport of phenylalanine and tyrosine (12) .
In spite of the importance of Brevibacterium linens in the food industry and its considerable economic value, it has not been studied to a great extent. The genus Brevibacterium remains classed "genera incertae sedis" in Bergey's Manual of Determinative Bacteriology (8) . In addition to its intense proteolytic action (13) , this microorganism participates in the formation of flavoring compounds or their precursors (25) . Among these substances, phenol and indole, which arise from the catabolism of aromatic amino acids by this bacterium (22) , are found in large quantities in certain cheeses.
The present work was undertaken to determine the general properties of the aromatic amino acid transport system(s) in Brevibacterium linens. This study is in the broader context of the better knowledge of this bacterium to domesticate its action and clarify its taxonomy. (7) was used with some modifications. At the same time as portions were sampled for the determination of total uptake, an equal volume was transferred to cold 5% (wt/vol) trichloroacetic acid (TCA). The samples were left for 30 min with periodic vigorous shaking and were filtered through 5% TCA-saturated membrane filters. After two washes with 4 ml of cold 5% TCA, the filters were dried and radioactivity was determined as above.
MATERIALS AND METHODS
Dry weights were determined by centrifuging cells at 2,500 x g for 5 min. After two washes with distilled water, 5 ml of the suspensions was dried at 100°C to constant weight.
Inhibiion by led amino acids and structural analos. Reactions were started by adding appropriate quantities of cells to reaction mixtures containing the 'IC-amino acid and the analog or the 12C-amino acid, as indicated. Samples were ifitered after a 2-min incubation, and radioactivity was determined. Similar to the findings of Krulwich et al. (19) , control experiments showed that the solvents used to dissolve the analogs and the peptides, ethanol, ether, and dimethylformamide had no effect on transport at the concentrations used (less than 1%).
Chemics. [U-`4C]phenylalanine (specific radioactivity, 450 mCi/mmol), [U-14Cjtyrosine (specific radioactivity, 388 mCi/mmol), and [2-14CJtryptophan (specific radioactivity, 49 mCi/mmol) were purchased from the C.E.A. (Saclay, France).
Carbonyl cyanide-m-chlorophenylhydrazone (CCCP), iodoacetic acid (IAA), 2,4-dinitrophenol (DNP), and p-hydroxymercuribenzoate (PCMB) were purchased from Sigma Chemical Co., St. Louis, Mo.
All unlabeled amino acids and structural analogs were purchased from Sigma, and the dipeptides were purchased from Cyclo Chemicals, Los Angeles, Calif. RESULTS Uptake of aromatic amino acids. The initial rates of uptake of aromatic amino acids by whole B. linens cells were directly proportional to cell concentration (data not shown). This incorporation was reproducible under the conditions used, i.e., with metabolizing cells in the absence of protein synthesis inhibitors.
Energy sources required for phenylalanine uptake. With freshly grown cells, there was no significant difference in uptake as a function of the various carbon sources tested. The energy reserves of the cells were depleted by starvation for 3 h in 0.1 M phosphate buffer (pH 8.0) at 26°C with vigorous shaking. Uptake was then determined as described after adding a carbon source. The five energy sources tested all resulted in a greater initial velocity than the controls (Fig. 1) .
Effect of pH on trsport. Transport of each of the amino acids was sensitive to pH (Fig. 2) . Uptake peak widths did not exceed 2 pH units, and optima were located at pH 8.0 for tyrosine and tryptophan and at 7.5 for phenylalanine.
The maximum incorporated quantities of phenylalanine (0.27 mmol/mg dry weight) were greater than those of tyrosine (0.09 mmol/mg dry weight) for identical exogenous concentrations.
Effect of temperature on transport. Amino acid incorporation by the cells was highly temperature dependent (data not shown). The temperature was 25°C for phenylalanine, but transport was significant between 15 Crossed inhibitions between the amino acids.
The six possible pairs were tested to determine inhibition. Tryptophan noncompetitively inhibited tyrosine transport with an inhibition constant (K,) of 0.23 mM (Fig. 4) . Similarly, phenylalanine and tyrosine noncompetitively inhibited tryptophan transport (Fig. 4) . All the combinations resulted in noncompetitive inhibition.
Effect of nonaromatic amino acids and structural analogs on traport. Other amino acids, as well as structural analogs of phenylalanine, tyrosine, and tryptophan, were tested to determine the specificity of the transport systems. Tyrosine and tryptophan transports were inhibited when the other amino acids (L form) were present in molar ratios of 100:1 and 20:1, respectively. In the measurement conditions used, i.e., 2 min of contact, tyrosine transport was inhibited 50%io by the branched-chain amino acids valine and leucine and 40% by glycine and methionine. Tryptophan transport was found to be sensitive to proline and to L-glutamine, L-cysteine, and L-serine, three uncharged polar side chain amino acids. This may explain their similar effects.
The transport of L-phenylalanine was not inhibited by 100-fold higher concentrations of the 18 natural L-amino acids. On the other hand, Lphenylalanine transport was inhibited in the same conditions by the dipeptides glycyl-Lphenylalanine (44%) and L-phenylalanylglycine (13%). Two other dipeptides, L-tyrosyl-L-leucine and glycyl-L-tyrosine, had no effect on phenylalanine transport (6 and 0%o inhibition, respectively).
Inhibitions by structural analogs led to the determinations of the groups in each molecule participating in the uptake phenomenon. Certain analogs were potent inhibitors of tyrosine transport while having little or no effect on phenylalanine. This was the case for m-fluoro-DL-tyrosine (82 and 0% inhibition, respectively) and L-L-3,4-dihydroxyphenylalanine (59 and 17%, respectively). This confirms the greater specificity of phenylalanine transport. Various other substitutions on the aromatic ring render the molecule less inhibitory in terms of phenylalanine transport. Thus, kynurenine, which has an ortho amino group, does not inhibit phenylalanine transport at all.
Among the phenylalanine analogs, the most potent was p-fluoro-DL-phenylalanine. The fluorine atom is thus not too great a steric hindrance for the recognition of these compounds. Tryptophan transport was affected only slightly (27%) by this inhibitor (Table 1 ).
An interesting finding was that another type of ring structure did not change the recognition of I/S [yMI the compound to any great extent. Thus, ,B-2-thienylalanine was a fairly potent inhibitor of phenylalanine (42%) and tyrosine transport (67%). In addition, tryptophan analogs were not very active, whereas 1-2-thienylalanine inhibited tryptophan transport only 7%. An a-carboxyl group seems to be important, since there was very little inhibition by tyramine or DL-phenylethylamine. The a-amino group is also important, since phenylalanine transport was not inhibited excessively by L-1-phenyllactic or mandelic acid. In addition, p-hydroxyphenylpyruvic, p-hydroxyphenylacetic, and DL-p-hydroxyphenyllactic acids were ineffective on tyrosine transport.
Compounds which inhibited phenylalanine and tyrosine transports were tested against tryptophan (Table 1) and were found to be relatively inactive, with maximum inhibition of 27% for pfluoro-DL-phenylalanine and 3-hydroxy-DL-kynurenine. The structural analogs of tryptophan, on the other hand, inhibited its transport more ' 300. than 38% (Table 1 ). It would appear that the aamino and a-carboxyl are less important in this case than for the transport of the other two aromatic amino acids, since these functional groups were absent from potent inhibitors. The length of the carbon chain on the indole ring also seems to be of secondary importance, since indole alone inhibited tryptophan transport 60%o. After L-amino acid transport stabilized (after about 20 min), the unlabeled L or D forms of the same amino acid were added at a 10-fold higher concentration. In the case of phenylalanine, the L and D forms behaved quite differently (Fig. 5) . Thus, the L form led to a decrease in the quantity of radioactivity incorporated, whereas the D form had no effect on incorporation, with the exception of the dilution effect. Release of the labeled amino acid tended to stabilize after 10 to 15 min at 0.7 nmoilmg. This value corresponds to the quantity of TCA-insoluble cellular material determined when the unlabeled amino acid was added. In agreement with Brown (7), we consider that these samples represent the incorporation of radioactive amino acids into tRNA and proteins. This shows the considerable degree of stereospecificity of phenylalanine transport. The transports of tyrosine and tryptophan, on the other hand, were similarly affected (Fig.  5) by the D and L forms. Effects of metabolic inhibitors of aromatic amino acid tran rt. Transport was measured in the presence of various inhibitors to determine the energy source used in the process (Fig. 6 ).
DNP at a concentration of 1 mM had no effect on the transport of the three amino acids, whereas 10 mM led to extensive inhibition.
The alkylating agents IAA and N-ethylmaleimide were relatively inactive for inhibiting tyrosine and phenylalanine transports and were more active against tryptophan transport, which was inhibited 75% by N-ethylmaleimide and 40%o by IAA. Tryptophan transport seems to be less sensitive to PCMB, however, than that of phenylalanine and tyrosine. NaF, which is an enolase inhibitor in Streptococcus salivarius (16) , had no effect on the transport of the aromatic amino acids. Sodium azide, a classical inhibitor of cytochrome oxidase, inhibited phenylalanine and tyrosine transports to a slight extent (data not shown).
The most inhibitory compounds for transport 2.
1. (24) .
A correlation is to be noted between the fact that phenylalanine can be used as sole carbon source by B. linens (J. Richard, personal communication) and that the pH and temperature optima for phenylalanine transport are the same as for the growth of this strain (pH 7.5 to 8.0, 25°C). This type of correlation was not observed for tyrosine and tryptophan.
Arrhenius plots of phenylalanine and tyrosine transports were biphasic. The break in the curve at 15C reflects the gel-liquid phase transition temperature of membrane lipids (11) . L-Aspar- tate transport via the general amino acid transport system in Neurospora crassa shows a break at 17°C when an Arrhenius plot is constructed (30) , whereas phenylalanine transport in E. coli ML308 shows a break between 31 and 32°C (28) . Below this temperature, the more rigid structure of the membrane, due to the presence of unsaturated fatty acids, interferes with transport functions (9) . Jahnig and Bramhall (15) interpreted this break as the result of compensation of the high activation energy by entropy. This compensation leads to a continuous rate of permeation at the point of phase transition.
Tryptophan transport was more dependent on sulfthydryl groups than was transport of the other two amino acids, which differs from Y. pestis (26) . The transporters of the latter are insensitive to sulfhydryl group inhibitors. The three permeases were inactivated by CCCP and DNP, consistent with the prime energy source being proton conduction.
Current work in our laboratory is involved with characterizing each system separately by searching for mutants defective for certain permeases (isolation based on the capacity to grow in the presence of toxic analogs of the 3-2-thienylalanine type after undergoing various mutagenic treatments).
